The ultraviolet negative ion photoelectron spectrum of Pd; is presented for electron binding energies up to 3.35 eV. The anion is prepared by sputtering in a flowing afterglow ion source. Multiple low-lying electronic states of Pd, , all unidentified previously, are observed with resolved vibrational structure. The spectrum shows two strong electronic bands, each with similar vibrational progressions. Franck-Condon analyses are carried out on the two transitions and molecular constants are extracted for the anion and the two neutral electronic states. With the help of simple molecular orbital arguments and ab initio calculations, these two electronic bands are assigned as the triplet ground state ('Z,t ) and a singlet excited state ( '8: ). The adiabatic electron affinity is E.A. (Pd, ) = 1.685 f 0.008 eV and the singlet excitation energy r, ( 'Z: ) is 0.497 f 0.008 eV (4008 f 65 cm -'). The bonding in the palladium dimers is discussed and we find that the anion bond strength is 1.123 + 0.013 eV stronger than that of the neutral. Related studies of Pd-yield an improved electron affinity of E.A. (Pd) = 0.562 f 0.005 eV.
INTRODUCTION
Small transition metal clusters have been studied intensively in recent years. I-3 The motivations for these studies include understanding the catalytic nature of metal surfaces and mapping the transition between molecular properties and metallic behavior. The goal of understanding the nature of the metal-metal bond has also stimulated studies of metal clusters.4 The availability of d electrons for chemical bonding makes transition metal clusters both interesting and complex. Spectroscopic investigations of small transition metal clusters provide rich information on electronic and vibrational structure, and metal-metal bonding properties.
The coinage metal dimers (Cu,, Ag,, and Au, ) are presently well characterized.le7 Because of the simple closed d-shell configurations (d 'OS') in the atomic ground states, the electronic structures and the bonding in the dimers are determined mainly by the valence s electron interactions. The nickel group dimers are still relatively simple compared to other transition metals since there is only one d hole (Ni and Pt ) , or a fully filled d shell (Pd) in the ground electronic configuration of the constituent atoms. These dimers should be similar to the neighboring coinage metal dimers in that the interactions of the s electrons dominate the bonding and the electronic structure of the dimers. However, since the s and d orbitals have similar energies, the d electrons may participate in the bonding as we11.7 By comparing bonding properties between the nickel group and the well-studied coinage metal dimers, we can obtain insight into the participation of d electrons in metal bonding. In addition, the nickel group metal dimers can serve as a starting point for systematic studies of open d-shell transition metal dimers. " Present Address: Department of Chemistry, University ofNevada, Reno, NV 89557.
Theoretical investigations on Ni, ," Pd, ,9-12 and Pt, ,9,'3 and gas phase spectroscopic experiments on Ni, ,I4 Pt, ," and on heteronuclear dimers (NiPd, NiPt, and PdPt) 16*17 have been reported. Pd occupies a special position among the transition metals because of its unique ground state atomic configuration 'So (4d '05so) . In a first-order approximation, the combination of the two closed-shell Pd atoms ('So) only forms a weak van der Waals bond, so the two ground state palladium atoms cannot be strongly bound in the dimer. To increase the bonding, at least one 4d electron must be excited to a 5s orbital on one or both atoms. The interaction of an excited 3D(4d 95s') atom with a ground state atom forms an so bond with a formal bond order of one-half, but the promotion energy required ' * is 6564 cm-'. Likewise, two 3D atoms can generate a bound state, but twice the promotion energy is required for a bond order of one. Because of this complicated situation, the electronic structures of the Pd, ground and low-lying excited electronic states are not well characterized. Spectroscopic studies of the Pd, low-lying electronic states can help reveal the nature of the metal bond.
Pd, has been investigated theoretically at a variety of levels. Basch et ~1.~ used a relativistic effective core potential (ECP) and a limited multiconfiguration self-consistent field (MCSCF) method; Shim and Gingerich" employed a nonrelativistic all-electron Hartree-Fock (HF) /valence configuration interaction (CI) calculation; and Salahub" applied model-potential methods with relativistic corrections. All of the studies have demonstrated the complexity of the Pd, electronic structure, but they vary with respect to the ground state assignments and the energies of the many low-lying electronic states.' Balasubramanian12 recently carried out a complete active space MCSCF (CASSCF) calculation followed by multireference single and double CI (MRSDCI) and relativistic CI to calculate properties of the low-lying electronic states of Pd, . This calculation employed the largest basis set used to date. It also employed a spin-orbit correction and included 41 electronic states below 9000 cm-'. A 'Z,+ ( 1, > ground state and an antiparallel spin coupling state 'I;," at 4443 cm -' are predicted. Lee et a1.19 calculated the spectroscopic parameters of Pd2 using localspin-density (LSD) theory and a full relativistic norm-conserving pseudopotential and predicted a 'Z,+ ground state with a vibrational frequency of 222 cm -'. the anion and neutral ground states. The discussion also extends to the neutral low-lying electronic excited states. The anion and neutral ground states and a low-lying excited state of the neutral are assigned according to simple molecular orbital (MO) arguments. Our experimental results are compared with the ab initio calculations and show good agreement. A comparison of the palladium dimer with the nickel, platinum, and coinage metal dimers is included in the discussion.
In contrast, relatively little experimental data have been reported. High temperature measurements using Knudson effusion mass spectrometry2' give a second-law value of Do (Pd, ) = 1.13 f 0.22 eV. Coupled with ab initio calculations, a reinvestigation" of this experiment provided a third-law value of Do (Pd, ) = 1.03 f 0.16 eV. Spectroscopic experiments on palladium dimer are almost nonexistent. Quite recently, the Morse group has attempted two-photon ionization spectroscopy of gas phase Pd2, but no transitions were observed in their scanning range.17 They proposed that efficient predissociation prevents observation by their experimental technique. To our knowledge, no other gas-phase spectroscopic studies on Pd2 have been reported.
II. EXPERIMENTAL METHODS
In this paper, we present the ultraviolet (351.1 nm or 3.531 eV> photoelectron spectrum of the palladium dimer anion Pd; . Previous reports from this laboratory involved visible (488.0 nm or 2.540 eV) photoelectron spectra of the copper metal clusters2' (Cu; , n = l-lo), the nickel group trimers22 (Ni;, Pd;, and Pt; ), and the near ultraviolet (35 1.1 nm) photoelectron spectra of the coinage group metal clusters6 (Cu;, Ag;, and Au; ). Several factors make negative ion photoelectron spectroscopy a powerful technique for the study of small metal clusters. First, since the cluster anions are separated with a mass spectrometer, the identity of the cluster giving rise to the photoelectron spectrum23s24 is unambiguous. Second, the neutral ground state and low-lying excited electronic states are accessible through transitions from the anion ground state. Third, the spin selection rule for photodetachment is A,S = f l/2 and the energy splitting between states of different multiplicity, e.g., a singlet-triplet splitting can be measured directly. Additionally, the 9-10 meV (70-80 cm-' > instrumental resolution is adequate to resolve the vibrational properties of dimeric transition metal clusters, which typically possess frequencies in the range of 100-500 cm -'. Finally, the measurement of photoelectron angular distributions offers a sensitive probe of the molecular orbitals.25 This measurement provides information which is helpful in identifying the anion and neutral ground states and which also aids in understanding the properties of the metal-metal bond.
The negative ion photoelectron spectromete?3r24 and metal cluster anion source6*2' have been described in detail previously. Briefly, the palladium atom and dimer anions are produced in a flowing afterglow ion source by cathodic sputtering with a dc discharge. A mixture of lo%-20% argon (ultrahigh purity) in helium (99.999%) flows over the metal cathode at a flow tube pressure of -0.4 Torr. The cathode is fabricated from high purity ( > 99.9%) palladium foil and the corresponding cluster anions are produced from sputtering of the metal cathode by Ar + and other cations. The cathode is negatively biased, typically at 34 kV with respect to the grounded flow tube, producing a discharge with a current of 10-30 mA. The gas composition, flow rate, and dc voltage are adjusted to optimize the cluster anion yields.
In Sec. II, we review the experimental methods used in this study. Photoelectron spectra are presented in Sec. III, along with the results of photoelectron angular distribution measurements. A Franck-Condon analysis and spectral simulation yields the electron affinity, vibrational constants, and bond length changes. The photoelectron spectrum of the atomic anion Pd -has also been recorded, yielding an improved atomic electron afl'inity. Section IV contains a discussion of the electronic configurations and the bonding in The ions are extracted from the flow tube into a low pressure region, then focused into a beam and mass selected by a Wien filter. The mass resolution of the Wien filter (M/U = 40-50) allows us to separate the bare metal clusters from their oxides. The mass selected ion beam is further focused and then sent into the interaction region. The ion current is monitored by a Faraday cup just behind the interaction region. The ion beam is crossed by a cw laser beam with a wavelength of 351.1 nm (3.531 eV), which induces photodetachment in a fraction of the anions. The interaction region is in the center of an optical build-up cavity which provides internal circulating powers of 30-40 W from incident argon ion laser powers of 150-200 mW." Photoelectrons ejected into a small solid angle are collected perpendicularly to the plane of the ion and laser beams, and their kinetic energies are measured in a hemispherical electrostatic energy analyzer. 23 The electron kinetic energy scale is calibrated with respect to the precisely known electron affinity of atomic oxygen.26 Spectra are further corrected for an energy scale compression factor23 calibrated on the known energy level spacings of the palladium and tungsten atoms." The electron binding energy (eBE) is determined from the photon energy (hv) minus the measured electron kinetic energy (eKE) . The instrumental resolution function of the photoelectron spectrometer is determined by observing the shapes of atomic transitions and can be approximated by a Gaussian with a 9-10 meV full width at half-maximum (FWHM) . The experimental uncertainty of the absolute electron kinetic energy of well-resolved peaks is + 0.006 eV.
Since the direction of the ejected electron detection is fixed, the angle between the electron detection and the electric field of laser light can be changed conveniently by rotat- ing a A/2 waveplate which is external to the laser build-up cavity." The photoelectron angular distribution can be determined by measuring the photodetachment cross section as a function of the direction of the laser polarization. The angular distribution of the photoelectron intensity with linearly polarized light is given by2'
(1) where 0 is the angle between the laser electric field and the direction of electron collection, c is the total photodetachment cross section, andpis the asymmetry parameter which varies from -1 to 2. The photoelectron spectrum in Fig. 1 is taken at the magic angle of 8 = 54.7", for which the anisotropic term is zero, giving intensities proportional to the total photodetachment cross section, regardless of the value of P.
III. RESULTS AND ANALYSIS
A. Photoelectron spectra
The photoelectron spectrum of the atomic anion Pdwas recorded at a resolution improved by a factor of 6 over that obtained in the previous study.28 The electron kinetic energy scale of the Pd-spectrum is calibrated with respect to the precisely known 26 electron affinity of atomic oxygen. The new atomic electron affinity is measured to be 0.562 f 0.005 eV, which is consistent with the prior result (0.557 + 0.008 eV).28 In addition, the first excited state of Pd-, i.e. 2D,,2 (4d 95?) is found to be 0.138 + 0.008 eV ( 1113 -& 65 cm -' ) above the anion ground state 'S,,, (4d "5s), slightly higher than the value in the original stUdy.zg
The photoelectron spectrum of Pd; is shown in Fig. 1 . The intensity of the spectrum is shown as a function of the electron binding energy in the range 1.3-3.3 eV. No transitions were observed below 1.3 eV electron binding energy. The spectrum exhibits rich structure comprising abundant vibrational and electronic transitions. The widths of the vibrational peaks are in the range of IO-25 meV, significantly broader than the instrumental linewidth. Rotational contour modeling29 predicts that rotational broadening contributes less than 1 meV to the observed widths. The presence of vibrationally and possibly electronically excited anions, overlapping low-lying neutral electronic excited states, and spin-orbit splittings may all contribute to the observed linewidths.
Fourteen prominent peaks are labeled by letters in Fig. 1 and the peak positions are listed in Table I . The two strongest electronic transitions stand out in the spectrum: the vibrational peaks a, 6, c, and d form an electronic band and peaks I, m, and n form another band. The two bands have nearly identical Franck-Condon vibrational profiles and transition intensities. Since no transition appears below the peak a, the band with low electron binding energy is labeled X and is assigned to the neutral ground state. The other intense band is labeled I for reference. There are several peaks lying between the X and I bands. These peaks e-j are all relatively weak and partially overlap one another. Peaks f and g have approximately the same intensities and the spacing between them is 125 cm -'. The spacing between peaks g and h is 400 cm -I, much larger than the expected value for a single vibrational spacing of Pd, . From the peak spacings and the intensity distribution, it is certain that more than one Early negative ion photoelectron spectroscopy experiments" showed that p = 2 for s orbital detachment from H -. Similar measurements were performed on several alkali metal32 and transition meta133 atoms and confirmed that p = 2 for atomic transitions arising from pure s electron detachment. If the transition arises from d-electron detachment and the transition is not very close to threshold, fl is usually a negative value. Recently, angular distribution measurements were also performed on the coinage metal dimers. 33 For Ag; , w hi c h is in the same row of the Periodic Table as Pd;, two transitions corresponding to x'I;,f(az,)+x'~., '(+:,) and a '2: (5s+\ ) tX 'B,f (dg,ok ) were observed.6 Removal of one 5~0, electron corresponds to the ground to ground state transition and the measured 0 for this band is 0.8 +. 0.3; removal of a 5s~~ electron corresponds to an excited state transition, and p for this band is 1.5 + 0.3. The experiments show that the Ag, 5s~~ orbital is almost spherically symmetric, while 5.~0, electron detachment is not as strongly peaked along the electric vector. One possible explanation is based on the orbital symmetry. In contrast to the a* orbital, the a, orbital is antisymmetric (p like) with respect to the reflection through the central plane perpendicular to the molecular axis.
electronic state is responsible for these peaks. We assign peaksJ g, and h to three different electronic states and peak e to a hot band transition. For peaks i and j, the intensities are even weaker and the spacing between these two peaks is 250 cm-'. At present, it is unclear whether peaks i and j arise from the same or different electronic states. On the high electron binding energy side of the I band, there are two groups of weak transitions II (2.25-2.41 eV) and III (2.41-2.6 1 eV). Each group appears to contain vibrational structure, but the spacings between the vibrational peaks and the intensity distributions of these peaks are irregular. More than a single electronic transition could be responsible for each feature. In the region of 2.6-3.3 eV, the spectrum shows very weak and structureless features. These features may arise from numerous weak electronic transitions and possibly extend into the low energy region, but are hidden by the other labeled peaks. We have not attempted to assign these features.
Angular distributions
The measurements of the angular distributions were performed by taking the photoelectron spectrum over the entire energy range at 0 = 0" and 8 = 90". The measured intensities are normalized by the integration time, ion current, and laser power. The asymmetry parameter p for each transition can be estimated by (10 -40) B= [(l/2)1, +&J-J ' (2) where IO and 19,, are the normalized intensities at 0 = 0" and t9 = 90". The measured fi values are listed in Table I . The By simple analogy, the angular distributions in the present measurements imply that there are two kinds of photoelectron processes in the Pd, spectrum, one withfl> 1 corresponding to s-like or so electron detachment, such as X, 1, e, J; g, and h; others with negative p corresponding to d-like electron detachment, i.e., i, j, k, 11, and III. We will discuss this assignment in more detail in Sec. IV.
C. Franck-Condon analysis
Franck-Condon analyses were applied to the X and I bands in the Pd; spectrum. The method of our FranckCondon analysis has been described previously.6 First, we will summarize the simulation of band X. Since no molecular parameters for the neutral or anion have been determined experimentally, we fit both the anion and neutral molecular constants simultaneously. Optimizing the simulated spectrum to the experimental data with a nonlinear least-squares fit determines the position of the transition origin, the bond length change, vibrational frequencies for both the anion and neutral molecules, and the anion vibrational temperature. The expanded spectrum of the X band and the optimized fit are shown in Fig. 2 . This determination of the transition origin gives a first approximation to the adiabatic electron affinity of E.A.(Pd, ) = 1.687 + 0.008 eV. This value will be slightly modified for some spin-orbit effects in Sec. IV. The anion vibrational temperature is determined to be 300 f. 25 K. The rotational temperature cannot be measured directly, but is usually equal to or lower than the vibrational temperature, because rotational relaxation by collisions with the buffer gas in the ion source is more efficient than vibrational relaxation. 24'34 The I band simulation is slightly different from that of the X band. The anion molecular constants (wf and Tvib ) obtained above were employed and constrained during the simulation. The fit of band I shown in Fig. 2 is not as good as that of band X, because band I is overlapped with other states, as can be seen in Fig. 1 . The angular distribution measurement also indicates that the hot band transition of band I is overlapped with another state at the position of peak k.
The determined molecular parameters for both bands X and I are listed in Table II . The results show almost identical vibrational frequencies for the anion and both neutral states, and virtually identical geometry changes for the two transitions.
Since the two transitions are relatively vertical and only a few vibrational transitions are observed, an accurate determination of vibrational anharmonicities is impossible. For the same reason, the sign of the bond length change cannot be determined based on the simulation. We assume that the bond length of the anion ground state is smaller than that of the neutral ground and excited states (ri -rz > 0). This assumption will be justified by molecular orbital arguments discussed in Sec. IV.
During the Franck-Condon fit, the FWHMs of the two bands were found to be different. The 15 meV FWHM for the ground state is significantly broader than the corresponding 11 meV value for the excited state. Calibration of the instrumental resolution on atomic transitions shows that the large difference cannot arise from any variation in reso- Although the photoelectron spectrum of Pd; is the simplest of the nickel group,33 it is much more complex than those of the coinage metal dimers.6 In the nickel group transition metals, the interactions of the s electrons are thought to dominate the bonding and electronic structure in the dimers, but the open d shell creates the possibility ford electrons to participate in bonding. Palladium dimer possesses some special properties because of its unique atomic configuration 4d "5s'. To first order, two ground state ( 'So > atoms interact only through a van der Waals attraction.35 In order to make an s valence electron available for stronger 0 bonding, one or both atoms must be promoted to a low-lying excited state. The interaction of a first excited state atom 3D(4d 95s1 ) with a ground state atom can form a stable molecule 4d 19( 5su, > ' with a bond order of l/2. (Here we use a simplified molecular state notation, in which all the d electrons from the two constituent atoms are summed together and only the so molecular orbitals are given along with the s electronic configurations.) However, the price paid for this bonding is a promotion energy of 6564 cm -', which could cancel a considerable part of the bond energy. Likewise, combining two 3D atoms forms a 4d "(5sog)' molecule with a bond order of 1, but the required promotion energy is consequently doubled. The mixed 3D, 'D, and '5' combinations can form a large number of low-lying electronic states. Thus, the determination of the Pd, ground state is nontrivial, as is shown by the quantum chemical calculations.9-12*19 The most likely ground state configurations, along with their lowest dissociation asymptotes, are listed in Table III. Pd -also has an unusual ground state *S,,, (4d 105s1)28 as well as an excited state 2D5,2 (ti95?) lying only 1113 cm-' above the ground state. In comparison, Ni -and Ptpossess the nd'(n + l)? ground state configurations.26 The interaction of the ground state anion ('S,,, ) and the neutral atom ( 'So > forms a molecular anion 4d 20( 5su, ) ' with a bond order of l/2. The interaction of the ground state neutral atom with the excited state anionic atom can form a 4d 19( 5s~~)~ molecular anion with a CJ bond order of 1; in this case, one pays a considerably smaller promotion energy than for the neutral. The interaction of the ground state atomic anion with the excited state neutral atom can also form a bonding molecule, but pays the same 6564 cm -* promotion energy as in the neutral case. Finally, combining the lowest excited states of the atomic anion and the Pd atom forms a 4d '* ( 5su, ) 2 ( 5~~7, ) ' molecule with a bond order of l/2. All the likely anion ground states are listed in Table III . At this level of analysis, the ground state configuration is not obvious.
The photoelectron spectrum provides rich information about the electronic and vibrational structure and the molecular orbitals. Relying on this information, we can attempt to assign the ground state of both the anion and neutral dimers. When assigning the possible transitions, it is important to note two major propensity rules of electron photodetachment:28*36 ( 1) generally, single electron processes (i.e., detachment with no additional electron reorganization) are expected to give rise to the strongest photoelectron transitions; (2) processes involving s electron detachment are expected to have larger cross sections (within 1-2 eV above threshold) than those involving d electron detachment. Based on these rules, we attribute the strongest transitions X and I to s-like detachments. This assignment is consistent with the angular distribution measurements discussed earlier. For the anion, the state with the 4d '"(5scrg)'(5sa,)' configuration (in Table III ) is the least likely for the ground state in terms of the high promotion energy and the low cr bond order as mentioned above. Additionally, if 4d '* ( 5sa, )'( 5sa, ) ' were the ground state, the anion bond energy would not be larger than that of the neutral, as one sa,, electron would be expected to be detached in the photoelectron process. Such an assignment would be in disagreement with the experimental finding that Do (Pd; ) > Do (Pd, ) and thus can be excluded. Another unfavorable candidate is 4d "( 5~~) '. This configuration goes to the neutral 46 "5& by detaching an so* electron. The measured vibrational frequency of the neutral ground state (2 10 cm -' ) is definitely too high for this weakly bound state." The remaining possibility is the ti 19( 5s~~)~ configuration, which has two possible dissociation asymptotes, as indicated in Table III . The first one, which is correlated to the lower energy asymptote, is most likely considering the low promotion energy. Only 1113 cm -' promotion energy is paid for this bonding state, but the reward is a full (7 bond. The process ofso, electron detachment is consistent with the experimental dissociation energies, transition intensities, and angular distribution measurements. Based on these arguments, the state with the 4d 19( 5~0~ )' configuration and correlated to the 'So (d lo> + 2D,,2 (d '?> dissociation asymptote is assigned to the ground state of Pd; . It should be noted that the ground state dissociation energy Do refers to the lowest (adiabatic) dissociation asymptote 'So (d lo) + 3D, (d 'OS'). The direction of the bond length changes in the X and I bands can now be determined based on the anion ground state assignment. The bond strength is expected to decrease with sa, electron detachment, causing the bond length to increase. On this basis, we used a larger neutral bond length (r: -c > 0) for the Franck-Condon analysis.
The analysis described in Sec. III indicates that the X and I states are almost identical in terms of their transition intensities, bond length changes, vibrational frequencies, and photoelectron angular distributions. This strongly suggests that two transitions arise from the same 5~0, electron detachment. Having determined the anion ground state, we find that the only possible transition to the neutral ground state is 4d'g(5so) ' + e-+4d'9(5s~)2.
The dd '"(5sa) '+ e-+4d'g(5so)2 transition cannot be the ground to ground state transition because it corresponds to d electron detachment, a process inconsistent with both the angular distribution and intensity of band X. The configurations and dissociation asymptotes in Table III show that 5sa, detachment transitions lead to singlet and triplet final states, depending on the spin-spin coupling between the one s valence electron and the d electrons. If we assume that the 4d orbitals are bonding and in ordinary order, then we expect that one d electron is excited from Ma,, to 5sa,, corresponding to atomic 'S-+3D, 'D promotions. The neutral MO valence configuration can be written as 4d'95s'(l~,S~S4,~~?r~1~,2~~) or (la,2a,) for short. Using A-): (case a) coupling, we obtain the triplet state 38, ' ' and the singlet state 2, .
+ Since the parallel-spin triplet state is usually more stable than the antiparallel-spin singlet state, we believe 'Z,+ to be the ground state. Applying this assignment to the photoelectron spectrum, we assign bands Xand I to the "2: and '2,+ states, respectively. If we consider the spin-orbit effect, a-R (case c) coupling must be employed, which results in the "22 ground state splitting into 0; and 1 L1. Using the same method, we determine the ground state of Pd; to be 'X,+ in terms of A-2 coupling with the molecular orbital configuration 4d "5?( 102gs4gg 'rt rri la, 24 ) or (kJo2,>.
Balasubramanian recently calculated12 the energies of the Pd, low-lying electronic states. He found 41 low-lying electronic states within 9000 cm -' of the ground state; this energy range corresponds to the spectral region between bands X and 111. Although this calculation does not include all possible low-lying electronic states, the state density is still higher than that observed in the photoelectron spectrum, particularly in the region between band X and I. The reason we observe fewer electronic states in the spectrum is because of photodetachment selection rules.
The ab inifio calculations predictI the ground state to be 'Z,t ( la, 20~ ) and that the 'Z,t state is split by 9 cm -' into 1 u and 0; states, with 1 u as the ground state. The energy splitting between "2: ( 1 u ) and 'Bz (0: ) is predicted to be 4443 cm -'. Our assignment of bands X and I yields a triplet-singlet splitting of 0.497 + 0.008 eV (4008 f 65 cm -' ), which is in agreement with Balasubramanian's calculations. The spin-orbit splitting of 9 cm -' is too small to be resolved in our spectrum, but may broaden the linewidth of band X. We found the linewidth of band X to be 4 meV ( 32 cm-') broader than that of 1, which suggests that the observed broadening of band X could be attributed to the spinorbit splitting. Our measurement confirms qualitatively the ab initio calculation, but suggests that the theoretical calculation of 9 cm -' may be an underestimate and that the actual spin-orbit splitting of the 'B,C state could be as large as 30 cm-'. Assuming that the transition intensities for the two states 38,t ( 1 u ) and 38,+ (0; ) are nearly the same, we then see that the transition origin for the ground state ( 1 u ) may be l-2 meV lower than the value obtained from the FranckCondon analysis. With this spin-orbit correction, we determine the new adiabatic electron affinity of E.A. (Pd, ) to be 1.685 f 0.008 eV.
The vibrational frequencies of the anion and neutral ground states appear to be nearly the same, while the dissociation energy for the anion is much larger than for the neutral. The vibrational frequency of Pd; (206 cm -' ) is comparable to that of isoelectronic Ag, ( 192 cm -' ) . ' Both Pd; and Ag, possess a full 0 bond and have nearly the same mass, so the magnitude of their frequencies may reflect the u bond strength. The vibrational frequencies of X ( "I;,' ) Detailed spectral analysis of the other peaks and bands is difficult because of spectral congestion and the lack of established electronic and vibrational information. Only a qualitative explanation is attempted here. The intensities of peaksJ; g, and h are weaker than those of bands X and I. Asymmetry parameters of z 1.5 are obtained for all three peaks, indicating that these peaks result from sos electron detachment. However, the only possible single electron transitions resulting from sus electron detachment have been assigned to bands X and I. Therefore we must invoke a twoelectron mechanism. Earlier, we stated that single electron processes should dominate the photodetachment transition. This propensity is likely to become less valid for heavy transition metal dimer anions, due to the enhanced effects of electron correlation in these systems. Pd; is a multi-d-electron system and the electron correlation is expected to be important. Ab inirio calculations show that most of the lowlying electronic states of Pd, are quite mixed in character, owing to strong configuration interaction." This effect may result in transitions arising from two-electron processes: one sas electron detachment accompanied by reorganization of the d electrons. A similar two-electron process was observed in the Pd -photoelectron spectrum.28 There are many possible low-lying neutral excited states which may correspond to peaksA g, and h. These states must have the same electronic configuration as the ground state, but different d-electron arrangements, such as 4d 195s '( 20,s: or 20-~d~) . Balasubramaniani2 calculated the energies of some states, such as 3A, and 'A,, with a 2~~63, configuration and 311s and 'II, with a 2~~ti~ configuration. Relying on his calculation, we would say that 311s is the lowest excited electronic state (A-I: coupling) observed in the photodetachment experiment, and that peaksA g, and h can be tentatively assigned to the spin-orbit states 311, ( 1, ), 3IIs (0; ), and 311, (0: ), respectively.
The weak intensities and negative B of the remaining peaks or bands (i,j, k, 11, and III) suggest that these peaks arise from d-electron detachment. Detaching a d electron from the anion can be written as 4d '* ( 5s~) 'C 4d I9 ( 5~7) *. These photoelectron transitions could be more numerous than s photodetachment transitions, since d electrons can be detached from three different molecular orbitals, i.e., da,, dn-*, and d6,. Furthermore, two-electron processes (one delectron detachment with another d electron reorganization) could possibly give rise to additional photoelectron transitions. Balasubramanian calculated the energies for the neutral excited states 4d '*( 5s~)' with numerous MO configurations, e.g., 10;s: or l~,n$. Many states lie between the "2: and '2,+ states orjust above the '8,+ state, where i, j, k, II, and III are observed in our spectrum. However, the spectral complexity makes a detailed assignment infeasible at the present time.
In addition to the bands and peaks discussed above, poorly resolved features in the region of 2.6-3.3 eV, or z 8000 cm -' above the ground state, appear in the spectrum. These features can be attributed to a large number of weak transitions, because a high density of electronic states is predicted' 10 000 cm-' above the ground state. The Morse group has attempted two-photon ionization spectroscopy of gas phase Pd, . " They scanned the spectral region from 11 375 to 23 000 cm-' and no transitions were observed. They concluded that Pd, photoabsorption certainly occurs in their scanning range, but efficient predissociation prevented Pd,+ detection with the resonant two-photon ionization technique. The features in the photoelectron spectrum are not inconsistent with the predissociation mechanism. Generally, when photodetachment occurs, photoelectron signals should be detected regardless of the following predissociation; however, many repulsive states lie 1 eV above the ground state and slice through all the bound states lying in the same region: in the photodetachment process, the molecules excited to these bound states could undergo fast predissociation. This process is so fast that the corresponding transition could be equivalent to a bound-free transition. The transition intensity is proportional to the Franck-Condon factors and the Franck-Condon factors for a bound-free transition are much smaller than for a boundbound transition. Therefore we observe the high density of electronic transitions 1 eV above the ground state and all of these transitions are weaker than those of the labeled peaks and bands in the low energy region.
A comparison of the palladium dimer with the nickel, platinum, and copper group metal dimer&' indicates that there are dramatic differences between the palladium dimer and the other dimers. For nickel, platinum, and the coinage metal dimers, the electronic configurations of the anion and the neutral are nd"[(n + l)(~a,)~(sa,)] and nd"[ (n + l)(~a,)~] (wherem = 18forNiandPt,m = 20 for the coinage metals). The bond strengths of the neutral dimers are larger than those of the anion dimers,6*33 as predicted from the MO configurations. The MO configurations of the palladium anion and neutral dimers assigned in this work are 4d I9 ( 5s~~ ) ' and 4d I9 ( 5sa, ) ', respectively. In addition, the dissociation energy of Pd; is twice that of Pd, . The reason for the unusually small dissociation energy of the neutral dimer compared to the other nickel group and coinage metal dimers is the extra promotion energy required for scr bonding.
V. CONCLUSIONS
The negative ion photoelectron spectra of Pd -and Pd; have been obtained using 35 1.1 nm (3.53 1 eV) laser radiation at an instrumental resolution of 9-10 meV. These experiments yield precise electron affinities for E.A. (Pd) and E.A. (Pd, ) and provide direct information on the ground and low-lying electronic states of gas phase Pd, .
The spectrum exhibits multiple low-lying electronic states of Pd, and the vibrational structure is resolved for two of these low-lying electronic states. The spectrum displays two strong electronic bands; they show nearly identical vibrational frequencies, Franck-Condon intensities, and photoelectron angular distributions. With the help of simple molecular orbital arguments and ab initio calculations, these two electronic bands are assigned to the triplet ground state ("2: ) and a singlet excited state ( '2,+ ) . These states have identical electronic configurations 44 I9 ( 5s~) ' and differ in the spin coupling of the 5~0, electron to the d-electron hole. The adiabatic electron affinity is determined to be E.A.( Pd, ) = 1.685 & 0.008 eV and the singlet excitation energy is found to be 0.497 f 0.008 eV. The experiment also precisely measures the increase in dissociation energy upon anion formation D,(Pd;) -Do(Pd,) = 1.123 kO.013 eV.
The configurations of the neutral and anion ground states are determined, respectively, as 4di9( la2,s4,s4"nl:~~la,)5si(2a,) and 46 19( l~~,s',tiU7r~'r~ la, )5$(22,). The anion bond strength is found to be twice that of the neutral ground state, while the vibrational frequencies and bond lengths are nearly the same. The reason for the unusually small dissociation energy of the neutral dimer is the extra promotion energy paid for su bonding. Therefore, the special character of palladium dimer can be attributed to the unique stable ground state of the p alladium atom.
The electronic structures of Ni, and Pt, , for which studies are in progress, are expected to provide interesting contrasts.
